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Abstract

AIM: To test whether the expression and activity
of H,K-ATPase in parietal cells would be affected by
cigarette smoke extract.

METHODS: Extracts of cigarette smoke were
administered into mice by gastric gavage (5 mg/kg body
weight/day) for 3 d or in drinking water for 7 or 14 d.
For the latter, each day a mouse consumed 5 mL water
containing extracts of two cigarettes, on average. Control
littermate mice received only vehicle. To compare the
amount of H,K-ATPase in control and smoke-treated
mice, the stomach was processed for Western blotting
and immunohistochemical analysis using monoclonal
antibodies specific for o~ or p-subunits of H,K-ATPase.
The p-nitrophenylphospatase activity assay was used as
a measurement for K-dependent H,K-ATPase activity.

RESULTS: Probed transblots showed an increase
in the amount of H,K-ATPase in smoke-treated mice
which was confirmed by immunohistochemistry and
was found to be due to increased amounts of protein
per parietal cell rather than an increased parietal cell
number. The increase in the amount of H,K-ATPase
was associated with an enhancement of its enzymatic
activity. K-dependent activity in control and smoke-
treated mice was significantly different (respectively,
0.12 pmol/mg vs 0.27 pmol/mg per minute, P < 0.05).

CONCLUSION: Administration of cigarette smoke
extract is associated with an increase in the amount
and activity of H,K-ATPase and hence, smokers are
susceptible to development of peptic ulcer.
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INTRODUCTION

Cigarette smoking is a major worldwide health problem.
According to the World Health Organization, smoking
is the largest preventable cause of premature death
worldwide. It is a common habit among teenagers,
adults, and even health professionalsm. In addition
to the well known adverse effects of smoking on
cardiovascular and respiratory systems, some studies
have shown that smoking is a major risk factor for
some gastrointestinal diseases”™ ™. Several clinical
and epidemiological studies have provided evidence
suggesting that smokers are more susceptible to
peptic ulcer disease and respond to anti-ulcer drugs
less efficiently than non-smokers*”. In experimental
animals, some studies have shown that cigarette
smoking potentiates the damaging effects of ethanol or
corticosteroids on the gastric mucosa "

The mechanisms by which cigarette smoking adversely
affects the gastric mucosa have not been fully elucidated.
It has been shown that free radical production, infiltration
of neutrophils, stimulation of angiotensin II production,
down-regulation of epidermal growth factor and
reduction of gastric blood flow play an important role in
the harmful effects of srnokingp’m’m. However, it is not
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known whether cigarette smoking or nicotine adversely
affects some other factors that may influence the integrity
of the gastric mucosa. The hydrochloric acid secreted by
parietal cells is one of the main aggressive factors that
play an important role in gastric mucosal damage and
the pathogenesis of peptic ulcer disease™'". The major
protein involved in this process of acid secretion is the
proton pump or HK-ATPase. It is not known whether
the H,K-ATPase of gastric parietal cells is altered by
cigarette smoking,

In the stomachs of rodents and humans, parietal
cells are scattered throughout the gastric glands, made
of pit, isthmus, neck and base regions (Figure 1). They
develop from epithelial progenitors which are anchored
in the isthmus region" ", During their development, pa-
rietal cells concomitantly synthesize the catalytic o- and
regulatory [3-subunits of H,K-ATPase™. Following their
maturation in the isthmus, parietal cells bidirectionally
migrate to become scattered throughout the glandular
regions of the gastric epithelium. In mice, the turnover
time of parietal cells averages 54 d. Old parietal cells
undergo progressive physiological deterioration and
eventually die and are eliminated at the luminal sutface
by extrusion into the gastric lumen or deep at the gland
bottom by phagocytosis »iz a neighboring healthier glan-
dular cell or an invasive connective tissue macrophagem.

In the cytoplasm of parietal cells, both a- and
B-subunits of H,K-ATPase are targeted to the membranes
of tubulovesicles. Upon stimulation by histamine,
acetylcholine, or gastrin, the tubulovesicles translocate
from the cytoplasm to the apical and canalicular
membranes of the parietal cell. Therefore, expansion of
the canalicular system and elongation of the microvilli
are features of a stimulated parietal cell. H,K-ATPase
of the apical and canalicular membranes of stimulated
parietal cells utilizes ATP generated by the numerous
large mitochondria to pump protons into the lumina of
canaliculi and gastric glands in exchange for potassium[zz]
While much research is directed to discover new inhibitors
of gastric H,K-ATPase, little is known about the extrinsic
factors involved in its dysregulation.

Since smokers are more susceptible than nonsmokers
to developing peptic ulcer disease and more likely to
experience delays in ulcer healing, and since parietal cells
are considered a key player during the pathogenesis and
healing of this disease, we hypothesized that smoking
alters HLIC-ATPase, the major protein of the parietal cell
which is responsible for acid secretion. Therefore, the
aim of this study was to test whether the expression and
activity of H,K-ATPase of parietal cells would be affected
in animals administered with cigarette smoke extract.

MATERIALS AND METHODS

Preparation of cigarette smoke extracts

The method of Shin ¢z a/* was slightly modified to
prepare ethanol and aqueous extracts of cigarette smoke.
The smoke of burning red Marlboro cigarettes (Philip
Morris, Inc., Richmond, VA, USA) was bubbled into
ethanol or water by using a vacuum system. The ethanol

extract was allowed to evaporate and the precipitate was
dissolved in 0.1% dimethyl sulfoxide (DMSO).

Animals and experimental design

The procedures follow experiment in this study were in
accordance with the guidelines for the care and use of
laboratory animals and were approved by the Animal Re-
search Ethics Committee of the Faculty of Medicine and
Health Sciences, UAE University. In this study, C57BL
mice of both sexes were used at two different age groups.
(1) Young adult 8-wk-old mice (# = 12) received the
ethanol smoke extract, 5 mg/kg body weight/day, via oro-
gastric gavage needle on 3 consecutive days. (2) Weaning-
age mice (3-wk-old, #» = 32) received the aqueous smoke
extract in their drinking bottles which were made freely
accessible for 7 or 14 continuous days. Fresh extract-
containing water was used daily. It was estimated that ev-
ery day, on average, each weaned mouse consumed 5 mL
of water containing smoke extract of two cigarettes. For
both age groups of smoke-treated mice, weight- and sex-
matched littermate (8- or 3-wk-old) mice were used as
controls and received only vehicle (0.1% DMSO or wa-
ter, respectively). One day after treatment, each pair of
smoke-treated and control littermate mice was killed by
an overdose of ether. The stomachs were immediately
removed and processed for biochemical and immunohis-
tochemical analyses.

Mucosal homogenate preparation

Gastric mucosal homogenates were prepated as previously
described™*!. Part of the oxyntic mucosa of the stomach
was scraped, minced and then homogenized on ice-
cold hypotonic buffer (pH 6.7) containing 113 mmol/L
mannitol, 37 mmol/L sucrose, 0.4 mmol/L EDTA,
5 mmol/L piperazine-N,N’-bis(2-ethanesulfonic acid)-tris
(hydroxymethyl) aminomethane. The crude homogenate
was centrifuged at a low speed (35 g) for 5 min to remove
unbroken cells and tissues. To obtain pellets enriched in
H,K-ATPase, some solubilized crude homogenates of
control and smoke-treated mice were centrifuged at a
higher speed (25000 g) for 2 h. Portions of the low-speed
supernatants and the re-suspended high-speed pellets
of control and smoke-treated mice were processed for
measurement of protein concentration using Bradford’s
method and then quantification of H,K-ATPase using
Western blotting;

Western blotting analysis

Portions of the homogenates or re-suspended pellets
of control and smoke-treated mice were solubilized
in buffer containing 1% SDS, 0.5 mol/L utea, 5%
2-mercaptoethanol, 0.25 mmol/L. EDTA, 10% glycerol,
0.0025% bromophenol blue, and 30 mmol/L Tris-
HCI, pH 6.8 and run through 8% or 10% acrylamide™'.
Proteins were subsequently electro-transferred onto
nitrocellulose membranes (Schleicher & Schuell
Bioscience, Dassel, Germany) and probed with mouse
monoclonal antibodies specific for the a- (97 kDa) or
B- (60-80 kDa) subunits of H,K-ATPase (Medical &
Biological Laboratories Co., Woburn, MA, USA) at a
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dilution of 1:2000. After washing, blots were incubated
with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin (Ig) G (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA) at 1:10000
dilution. To control equal loading of proteins in both
smoke-treated and control mice, anti-f-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used at 1:2000 dilution. Bands of protein-antibody
complexes were visualized using SuperSignal West
Pico chemiluminescence detection kit (Thermo Fisher
Scientific, Rockford, 1L, USA) and their relative intensities
were quantified by densitometry using the Scion Imaging
program for Windows (version [ 4.0.3.2; developed by
Scion, Frederick, MD, USA). Data were expressed as
means in arbitrary units and the level of significance of
differences between control and smoke-treated groups
were determined by using the Student’s 7 test. P < 0.05
was taken as significant.

Light microscopic and immunohistochemical analyses
Pieces of the oxyntic regions of the stomachs of control
and smoke-treated mice were fixed in Bouin’s solution
and embedded in paraffin. For general histology, some
sections (5 um) were stained with hematoxylin-eosin or
periodic acid Schiff technique. Adjacent sections were
used for immunohistochemical analysis using antibodies
specific for the o- or B-subunits of the gastric H,K-
ATPase. Antigen-antibody binding sites were visualized
by using fluorescine isothiocyanate (FITC)-labeled donkey
anti-mouse IgG (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA).

To measure the intensity of H,K-ATPase immuno-
labeling of the cells, image analysis was performed on
probed gastric mucosal tissue sections of some control
(n = 4) and smoke-treated littermate mice (#z = 4) using
the Scion Imaging program as previously described™.
Probed sections were examined at 40 X magnification
with an Olympus microscope and photographed with a
DP-70 digital camera with the option of fixed manual
exposure to ensure equal exposure of control and smoke-
treated tissue sections. Digitalized TIFF images of
immunolabeled parietal cells were stored at a resolution
of 300 dpi. Labeled parietal cells cut through their nuclei
were only considered for measurement by using the
freehand tool and drawing a line around the periphery
of the cell. The number of cells examined per animal
ranged from 20 to 35. Following measurement of the
immunostaining intensity of various cells in one section,
the background intensity was subtracted. Quantitative
results of the optical density were reported in arbitrary
units corresponding to immunostaining intensity which is
indicative of the amount of H,K-ATPase in the sectioned
cells. For each stained cell examined, the area was also
measured and expressed in arbitrary units. Data are
presented as mean * SE.

Enzymatic activity assay

In some experiments, the gastric mucosa of control
and smoke-treated mice were homogenized and briefly
centrifuged at low speed as mentioned above. Some of

the supernatant was processed by the Bradford method
for measurement of protein concentration and the re-
mainder for K+—dependent p-nitrophenylphosphatase
(PNPPase) activity assay which was used as an index of
H,K-ATPase activity™. The PNPPase activity was mea-
sured at 37°C in buffer containing 7.5 mmol/L Ttis-HCl
(pH 7.5), 3.5 mmol/L MgSOs, 30 mmol/L sucrose, and
0.02 mmol/L. EDTA. To eliminate the contribution of
Na,K-ATPase, 0.1 mmol/L ouabain was included in the
incubation buffer. The K-dependent and Na-dependent
pNPPase activity was assayed with 20 mmol/L KCl and
NaCl in the buffer, respectively. The reaction was initi-
ated by the addition of 5 mmol/L sodium p-nitrophenyl
phosphate and terminated by 1.5 mL of 0.5 mol/L
NaOH. Liberated p-nitrophenol was read at 410 nm by a
Beckman Du 70 spectrophotometer. The K-dependent
PNPPase activity was obtained from the difference of
the values obtained with and without 20 mmol/L KCl.
The enzymatic activity was expressed in micromoles per
milligram protein per minute. Student’s  test was used to
compare values in control »s smoke-treated mice.

RESULTS

In the present study, extracts of cigarette smoke were
administered to adult and weaned mice in two differ-
ent modes: (1) aqueous extract in drinking water, and
(2) ethanol extract via orogastric gavage needle. These
two different modes of administration showed more or
less similar effects on gastric H,K-ATPase. However,
when the smoke extract was introduced with the drink-
ing water, a duration-dependent effect was noted. The
7-d exposure of the gastric mucosa to smoke extract in
the drinking water produced no significant difference
between control and smoke-treated mice. When the du-
ration of administration of smoke-containing drinking
water was doubled, a significant difference was noted in
the H,K-ATPase of smoke-treated »s control mice.

Effect of cigarette smoke extract on the amount of H,K-
ATPase

Proteins of the mucosal homogenates of mice treated
with ethanol or aqueous extracts of cigarette smoke and
their control littermates were separated on polyacryl-
amide gels and transblotted on nitrocellulose membranes.
Probing of the membranes with antibodies specific for
the a- or the B-subunits of H,KK-ATPase revealed an
increase in the amount of this protein in smoke-treated
mice (Figure 2). Densitometric analysis of the protein
bands of H,K-ATPase showed that the amounts of both
the o- and f-subunits were significantly increased. It was
estimated that the percent increase of the o subunit av-
eraged 220% and the percent increase of the f§ subunit
averaged 350%. However, it should be noted that in the
case of aqueous extract-treated mice, there was a dose/
duration-dependent effect on H,KK-ATPase expression.
While the 7-d-treatment showed no significant differ-
ence as compared with control littermate mice (data not
shown), 14 d of treatment showed a significant increase
in the amount of H,K-ATPase (P < 0.05).
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Figure 1 Schematic drawing of the structural unit of the gastric epithelium
showing the pit and three glandular regions and the scattered H,K-ATPase-
containing parietal cells.
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Figure 2 Representative transblots showing protein expression of the o-
and B-subunits of H,K-ATPase in control (C) and smoke-treated (T) mice.
Note the differences in the intensity of the protein bands in control vs smoke-
treated samples. Ten micrograms of proteins were loaded per lane. Beta actin
was detected by a mouse monoclonal antibody and used as a loading control.

Figure 3 Gastric mucosal tissue sections of control (A, C) and smoke-treated (B, D) mice. A and B demonstrate the gastric mucosae of control and treated mice
stained with periodic acid-Schiff and hematoxylin. No difference is noted in parietal cells of control and treated tissues. Immunohistochemical labeling of parietal cells
in the gastric mucosa of control (C) and smoke-treated (D) mice with antibodies specific for H,K-ATPase B-subunit. Labeled parietal cells are distributed throughout
the gastric glands. Note the difference in the labeling intensity of parietal cells in control vs smoke-treated mice, x 400.

Effect of cigarette smoke extract on the immuno-
labeling of parietal cells

To test whether the increase in the amount of H, K-
ATPase is due to an increase in parietal cell number or
due to an increase in the amount of protein per cell,
oxyntic mucosal tissue sections of control and smoke-
treated mice were probed with antibodies specific for
the a- or B-subunit of H,K-ATPase. To eliminate
the possible variations in immunostaining conditions,
stomach tissues obtained from smoke-treated and their
littermate sex and weight-matched control mice were

processed simultaneously and embedded in the same
paraffin blocks. Tissue sections of control and treated
mice were de-waxed and immuno-probed together on
the same slides.

Microscopic examination demonstrated the usual
pattern of distribution of labeled parietal cells in both
control and smoke-treated tissues (Figure 3). Parietal
cells were scattered throughout the mucosa of all tissues
examined. Counts of patietal cells in control and smoke-
treated tissues showed no significant difference. The
number of H,K-ATPase-labeled parietal cells averaged
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Figure 4 Analysis of the enzymatic activity of the H,K-ATPase of gastric
mucosae in control and smoke-treated mice. Note the increased activity in
the cigarette smoke-treated homogenate.

12.3 cells per gland in control mice and 11.7 cells in the
gland of smoke-treated mice. However, when the inten-
sity of the immuno-labeling was compared in control and
smoke-treated tissues, an appatrent difference was noted.
In general, immuno-stained cells of smoke-treated tis-
sues appeared darker than in control tissues (Figure 3).
This difference reflected an increase in the amount of
H,K-ATPase per cell after treatment with cigarette smoke
extract. Quantification of the intensity of H,K-ATPase
immunostaining confirmed this difference. Measurements
of parietal cell density in each pair of control and smoke-
treated mice showed that the percentages of increase in
staining intensity after smoke treatment are highly signifi-
cant (P < 0.001) and varied from 150% to 200%. In all
mice examined, a similar staining pattern was obtained
with antibodies specific for the a- and B-subunits.

Effect of cigarette smoke extract on the activity of the
proton pump

To test whether the increase in the expression of HK-
ATPase protein is associated with a change in its enzy-
matic activity, some of the mucosal homogenates were
processed for pNPPase activity assay. The results indicated
that while the enzymatic activity in control tissues aver-
aged 0.12 pmol/mg per minute, smoke-treated tissues
showed more than 2-fold increased activity, 0.27 umol/mg
per minute (P < 0.05, Figure 4).

DISCUSSION

The present study demonstrates that cigarette smoke
extract enhances the expression and activity of H,K-
ATPase in the oxyntic mucosa of the mouse stomach
which may explain the susceptibility of smokers to
development of peptic ulcer disease.

The pathogenesis of peptic ulcer disease involves
several factors including enhanced acid secretion, which
is regarded as one of the major ulcerogenic factors.
Acid secretion is also considered the primary target of
contemporary drug therapy for peptic ulcer disease.

The available data concerning the effects of cigarette
smoking on gastric acid secretion are controversial.
Clinical studies showed that smoking may stimulate™ ",
inhibit®” ot have no effect”” on gastric acid secretion.
Such disparity between studies may be explained, in part,

by the differences in nicotine content and number of
cigarettes used, and by the lack of adequate controls due
to marked individual variability of basal gastric secretion.
In the current study, we did not intend to measure acid
secretion, but the plan was to dissect the event down
stream and examine the major enzyme of the parietal cell,
H,K-ATPase, which is responsible for acid secretion.

Nicotine is one of the main constituents of cigarette
smoke responsible for the adverse effects of smoking.
The effect of nicotine on gastric acid secretion is also
controversial. Several lines of evidence have suggested
that it has a stimulating effect. Nicotine administered
to rats for 10 d caused an increase in gastric secretory
volume and acid output. This finding was attributed
to increased muscarinic receptor sensitivity, and
consequently, basal acid secretion™. Lindell e /™ also
noted that nicotine administration enhances gastric
acidity and impairs postprandial gastric neutralization in
humans. Likewise, nicotine treatment abolishes in a dose-
dependent manner the depressing effect of ethanol on
acid sectetion in rats”) and significantly stimulates basal
gastric acid output in cats™. In vitro study demonstrated
that nicotine could exert direct stimulatory effects on
parietal cells and potentiate the histamine-mediated
response in the isolated cell model™.

Some other studies showed contrasting findings.
In one study, the gastric acid secretion stimulated by
intravenous pentagastrin was completely inhibited by
nicotine””. Another study also showed that acid output
together with gastric secretory volume one hour after
vagal stimulation induced by modified sham feeding was
lower in human subjects on smoking than non-smoking
days™. Based on the contrasting nature of evidence, the
effect of nicotine or smoking on gastric acid secretion
remained elusive.

The present study supports the view that smoking en-
hances gastric acid secretion by up-regulating the expres-
sion and activity of H,K-ATPase. Based on previous stud-
ies, the mechanism by which the smoke extract affected
the acid secreting parietal cells could be a combination of
receptor mediated and direct effects on the patietal cell.

Therefore, the present study provides an answer to
some questions which were raised by some epidemiologi-
cal studies. Why are cigarette smokers more susceptible
to development of peptic ulcer disease? Why is recur-
rence of peptic ulcer more common in smokers than
non-smokers? Why is the healing of peptic ulcer disease
delayed in smokers? As an answer to these questions, we
hypothesized that H,KK-ATPase in the parietal cells is more
aggressive in smokers than non-smokers. Then we tested
this hypothesis by using an ethanol or aqueous extract of
cigarette smoke, which were previously found to be rich
in nicotine by various chromatography techniques”™. The
extract was administered to mice orally and three methods
were carried out to characterize the anticipated alteration
of the gastric HK-ATPase. First, Western blotting analy-
sis of homogenates obtained from the gastric mucosae
of control and smoke-treated mice showed an increase in
the amount of H,K-ATPase in the 3-d-treated adult mice
and 14-d-treated weaning-age mice. However, when the
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Figure 5 Semithin (0.5-micron-thick) sections of the gastric mucosae
of control (A) and smoke-treated (B) mice stained with toluidine blue to
demonstrate the isthmus and neck regions of the gastric glands. The
large numerous parietal cells (horizontal arrows) are separated by progenitor
or isthmal cells (i) and neck cells (n). Note that, in the smoke-treated tissue but
not control tissue, there are pale areas in the cytoplasm of parietal cells which
represent expanded lumen of the intracellular canaliculi, x 1000.

weaned mice were treated for only 7 d with half the dose,
there was no significant change in the amount of H,K-
ATPase as compared to their control littermates. There-
fore, there is a duration- and dose-dependent effect of
cigarette smoke extract in weaning-age mice. During this
age, the developing gastric glands undergo compartmen-
talization into isthmus, neck and base regions[40]. In these
developing glands, patietal cells might not have acquired
all the machinery to respond to an extrinsic stimulus and
therefore a longer duration of treatment with cigarette
smoke extract is needed. Second, immunohistochemical
analysis of gastric parietal cells using antibodies specific
for their H K-ATPase revealed an enhancement in the im-
munostaining of parietal cells of the smoke-treated mice.
Since tissues of these treated mice and their weight- and
sex-matched littermate control mice were processed to-
gether, embedded in the same tissue blocks and immuno-
probed simultaneously on the same slides, the differences
in immunostaining intensity were taken to represent an
increase in the amount of H,K-ATPase per patietal cell.
Third, the proton pump activity, measured by pNPPase
assay was enhanced in the gastric mucosal homogenates
of smoke-treated mice compared to control mice.

The question was raised whether the increased amount
and activity of H,KK-ATPase was associated with the trans-
location of tubulovesicles into the canalicular membranes.
Some gastric mucosal tissues obtained from three pairs
of smoke-treated and control mice were fixed in a Kar-

novesky’s solution and processed for Araldite embedding
and semithin sectioning. Microscopic examination of pa-
rietal cells located in the isthmus and neck regions of the
gastric glands (known to be involved in acid secretion")
revealed that those of the smoke treated mice tend to
acquire stimulated morphology with expanded canalicular
system as compated to those of control mice (Figure 5).

In conclusion, the present study demonstrates a pos-
sible explanation for the susceptibility of smokers to
develop peptic ulcer disease. Therefore, we propose the
following scenario. It seems that smokers develop pati-
etal cells with an increased amount and activity of H,K-
ATPase and tendency to acquire an extended canalicular
system. Accordingly, parietal cells of smokers are en-
hanced to produce much acid upon stimulation and their
gastric and duodenal mucosae become more vulnerable
to development of peptic ulcer disease.

COMMENTS

Background

Clinical, epidemiological and experimental studies have shown that smokers
are more susceptible to peptic ulcer disease and respond to anti-ulcer drugs
less efficiently than non-smokers. Parietal cells are targets for anti-ulcer drugs
and their inhibition is an important modality for peptic ulcer treatment.

Research frontiers

Parietal cell activation may be associated with gastric mucosal injury and
peptic ulcer disease. Since smoking is a predisposing factor to peptic ulcer, it
is hypothesized that cigarette smoke extract may cause activation of gastric
parietal cells. In this study, the authors demonstrated that over-expression of
the gastric proton pump could be a possible mechanism for the susceptibility of
smokers to peptic ulcer disease.

Innovations and breakthroughs

Previous reports have demonstrated the role of epidermal growth factors,
blood flow, neutrophils, angiotensin 1I, and free radicals in the adverse effects
of smoking on the gastrointestinal mucosa. In this study, the authors have
demonstrated an additional possible effect of smoking on the expression and
activity of the gastric proton pump.

Applications

By understanding how smoking may alter the biological features of the gastric
mucosa, this study may help in improving the current preventive and therapeutic
modalities of peptic ulcer disease.

Terminology

The proton pump or H,K-ATPase is the major protein of parietal cells
responsible for acid secretion. It is the main target for anti-ulcer drugs. Better
understanding of the biological features of these cells and defining factors
responsible for the regulation or dysregulation of their proton pump is important
for designing new modalities for prevention and treatment of peptic ulcer
disease.

Peer review

The authors used a smoking extract to study parietal cell H,K-ATPase
expression and activity. It is a very interesting study.
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